Abstract-In this brief, a new method for analytically evaluating the harmonic distortion (HD) in class-AB stages is introduced. It is based on modeling each push-pull device in the stage with a different third-order polynomial. The coefficients of these polynomials are then evaluated by straightforward computations or by pencil-and-paper analysis on the transcharacteristic of the stage. The resulting theory was validated by simulations and is able to predict the HD behavior of a class-AB stage over a wide range of input values. An example of the use of the theory for pencil-and-paper analysis is also given.
The waveforms in Fig. 4 (c) reveal that the correction in (10) is only approximate, but yields a definite improvement over that in Fig. 4 and P dc indicate that Cout, as computed from (12) , is slightly underestimated. Furthermore, the fact that adjusting only LX produced the correct operation is indicative of another error in the approximation in (9) ; in this case, in the phase of v DS , which is controlled by L X .
IV. CONCLUSION
The goal of this brief was to develop conceptual understanding of the feedback effect of C gd and to derive a simple, approximate design equation taking the feedback effect into account for initial design. It is a given that, in practice, the power-amplifier design will have to be optimized in successive design iterations. The intent is, therefore, that the design equation derived in this report, (10) , will serve as a starting point, while the intuitive insights developed in the theoretical analysis will provide the basis for final design optimization.
I. INTRODUCTION
Total harmonic distortion (THD) can be viewed as value measuring the amount of energy in the harmonics, relative to the energy in the fundamental [1] , Y k being the magnitude of the kth harmonic and naming the kth harmonic distortion (HD) component as HD k = Y k =Y 1 , THD is often well approximated by THD ' HD 2 2 + HD 2 3 .
An important class of circuits where distortion must be taken into account during the design phase are class-AB stages. In fact, these blocks work under the large-signal condition and the nonlinearity of their active elements is main factor responsible for the HD in operational amplifiers [2] - [5] or in current-mode circuits [6] , [7] . Unfortunately, despite its importance, designers seldom evaluate distortion analytically and its determination is often left to simulations or to vague considerations about circuit symmetry. This inevitably leads to a nonoptimized circuit design where distortion is frequently minimized by increasing the gain of the feedback loop where the stage is placed. Analytical evaluation of distortion is a fundamental task used, for example, for comparing new topologies, for evaluating the distortion sensitivity to a parameter change, or for improving performance of a given class-AB stage. Consequently, having a mathematical model for HD allows designers to better understand the behavior of class-AB stages and gives them a powerful tool of analysis for improving circuit performances.
The literature reports some methods for evaluating THD analytically in terms of HD 2 and HD 3 , but they present some weaknesses. The first method can be found in [8] and is used, for example, in [9] and [10] . It predicts HD2 and HD3 values, only for a sinusoidal input amplitude equal to X M . Hence, if we need to quantify the distortion for a different amplitude, the method must be applied again with a different value for XM . Moreover, it assumes low distortion and does not give accurate results if the original transcharacteristic significantly deviates from a third-order polynomial, which is common in class-AB stages where push-pull topologies are adopted.
The second method was first introduced in [11] - [13] and used in [14] to evaluate the distortion of CMOS current mirrors. The method is slightly more accurate than the previous one, but, in this case too, it predicts distortion only for a sinusoidal input amplitude equal to X M . A more appropriate method, which better suits class-AB stages, was introduced in [9] and also applied in [10] . It is based on approximating the transcharacteristic with two different linear gains (i.e., a two-piece linear function). However, it is not clear how the two linear gains should be related to the actual transcharacteristic. Moreover, this method predicts a constant HD 2 over the whole input range and does not give any information about HD 3 which, due to the particular piecewise-linear approximation involved, results equal to 0.
In this brief, we introduce a new analytical method for determining the HD in class-AB stages. It relates HD components to the transcharacteristic of the stage itself and its derivative. The latter are both evaluated at the quiescent input point and at its minimum and maximum points (0 and 6X M ). The resulting theory unifies and includes the results of the methods mentioned above and predicts HD 2 and HD 3 versus the input signal amplitude with a good approximation in a range up to the extreme input value.
II. MODELING DISTORTION IN CLASS-AB STAGES

A. Modeling Class-AB Stages
The input-output transcharacteristic of a class-AB stage is strongly nonlinear. This is due not only to the intrinsic nonlinearity of each complementary device but also to the different transcharacteristic that the circuit exhibits for positive and negative input values when the stage operates in class B. As a consequence, the real transcharacteristic can be modeled by two different functions for positive and negative input values, each of them approximated by a third-order polynomial. In this way, the nonlinearity of each device will be modeled by a third-order polynomial whilst using two different functions allows the push-pull behavior to be accurately modeled.
In particular, supposing the nonlinear block in Fig. 1 to be a class-AB stage, its transcharacteristic between its input x and output y can be represented by the following two-piece nonlinear function:
f(x) = f P (x) = a P 1 x + a P 2 x 2 + a P 3 x 3 ; x 0 fN (x) = aN1x + aN2x 2 + aN3x 3 ; x < 0:
(
Coefficients a P i and a N i are referred to as positive and negative Taylor coefficients of function f(x). Observe also that f(x) is continuous for x = 0 and that f(0) = 0.
B. Harmonic Analysis of a Two-Piece Nonlinear Function
Let us assume the input x of the nonlinear block in Fig. 1 to be a sinusoidal signal defined by x( ) = X sin , where X is the signal amplitude and is the normalized time, (i.e., 1 = 2t=T = !t). 
which relate the fundamental, the second, and the third harmonic to positive and negative Taylor coefficients of the transcharacteristic function f(x). As expected, Y k are functions of the input signal amplitude X.
C. Determination of Taylor Coefficients
We can relate Taylor coefficients of f(x) (and, consequently, HD 2
and HD3) to the derivative of f(x) evaluated at the bias point (i.e., for x = 0) and at expected extreme input values, (i.e., for x = 6X M ).
Let us define
where 0 represents the bias point and XM a positive quantity equal to the expected maximum input signal amplitude. The terms in (5) can be evaluated, for example, by pencil-and-paper analysis and can be considered as a small set of measurements on the transcharacteristic.
Substituting (1) 
III. DISTORTION ANALYSIS OF CLASS-AB STAGES
A. Evaluation of Fourier Coefficients, Y k
The generic Fourier coefficient Y k can be found by substituting (6) in (2) x n is the amplitude of the signal normalized to the expected maximum input signal amplitude (i.e., x n 1 = X=X M ), and p j;i (x n ) are the polynomials summarized in Table I. A geometrical meaning can be given to Si coefficients. Indeed, S0 can be interpreted as the average slope of f (x) evaluated at the bias point. Specifically, it represents the overall small-signal gain of the stage. Coefficient S1 represents an average slope, too, and can be interpreted as the slope obtained by connecting the extreme points of function f (x), that is, f (6XM ). Consequently, it stands for an average large-signal gain of the stage. Finally, the latter coefficient S2 Similarly, coefficients Di represent the slope differences. Thus, D 0 stands for the difference that exists between the small-signal gain of f P (x) and f N (x), D 1 is the difference that exists between terms f (6XM )= 6 XM , and D2 represents the difference between the slopes that function f (x) assumes at its extreme points.
B. Evaluation of HD Components, HD k
Dividing (8) and (9) by (7), we get HD 2 and HD 3 HD2 = p2;0(xn)d0 + p2;1(xn)d1 + p2;2(xn)d2 p1;0(xn) + p1;1(xn)s1 + p1;2(xn)s2 ). Specifically, both coefficients s1 and s2 provide a measure of how much the slope of f (x) deviates from its average small-signal gain S 0 when x n increases. Coefficients d i can be viewed as a measure of how much f (x) deviates from being an odd function. 2 As we shall see in the following, (11) and (12) are very general equations and describe the real transcharacteristic of a class-AB stage very well. However, they are a little complicated for pencil-and-paper analysis and simplifications can be made for them by considering their application to practical cases. First of all, since at the bias point a real class-AB stage exhibits a continuous derivative of its transcharacteristic, term d 0 is always equal to zero and term S 0 is the real small-signal gain. Moreover, if we are interested in distortion for input amplitudes approaching the expected maximum amplitude (i.e., X very close to X M ), it is easy to demonstrate that p 1;0 (x n ) 0 and p 1;2 (x n ) 0 in Y1 , that p2;2(xn) 0 in Y2 and that p3;1(xn) 0 in Y3 . In addition, we can assume p1;1(xn) 1, too. Therefore, for xn 1, (11)- (12) simplify into HD 2 ' p 2;1 (x n ) 
IV. THEORY VALIDATION AND APPLICATION
A. Simulation of an Ideal Class-AB Stage
In order to validate the accuracy of (11) and (12), we simulated the HD of an ideal class-AB stage and compared the simulated results with the expected ones. 2 If f(0x) = 0f(x), then f(x) is an odd function. Observe that the ideal transcharacteristic exhibits a continuous derivative at bias point. A block emulating the behavior described by (15) was designed in HDL-A language in the Cadence environment and simulations were carried out exploiting the powerful PSS analysis supplied by the SPECTRE simulator. 3 The maximum expected input signal was set to XM = 1, so that the input amplitude was swept from 0.05 to 1 with a 0.05 step. Simulation results for HD2 are summarized in Fig. 2 where simulated points are compared to (11) , which represents the model for the proposed method. The simulated curve is matched over the whole input range and at the maximum expected input value, XM , the model's error is only 00.22 dB. Similar results are shown in Fig. 2 for HD 3 where simulated points are now compared to (12) . In this case too, the model is in good agreement with actual results. At the maximum expected input value, X M , the model's error is only 00.52 dB.
B. Simulations of a Real Class-AB Stage
In order to validate the accuracy of (11) and (12) in the realistic case, we designed and simulated a real CMOS class-AB stage and compared the distortion of its short-circuit output current to the distortion expected of the proposed model.
The circuit simulated is the differential class-AB output stage shown in Fig. 3 that was introduced in [16] . It is made up of two input branches (M1, M3, and M7, and M2, M5, and M8) together with a push-pull structure (M4 and M6). 4 The circuit was designed in a 0.35-m CMOS standard process supplied by EUROPRACTICE whose main transistor parameters were A SPECTRE PSS simulation was carried out by considering the differential input, v in , ranging from 0.1 to 1.5 V with a 0.1-V step. Second and third HD components of the short-circuit current, iout, were also evaluated.
Referring to HD 2 , simulation results are shown in Fig. 4 . The same figure also reports the forecasted HD2 described by (11) . At the maximum expected input value X M , the proposed model's error is only 0.17 dB. Fig. 4 also reports the simulation and model results for HD3. Once again, the matching over the whole input range is apparent. The error at the maximum expected input value, XM , is about 1 dB. 4 Observe that the bias current of M4-M6, I is set by the common mode voltage V and consequently, the stage needs a common-mode feedback to work properly when inserted into an operational amplifier [16] . 
C. Using Theory in Pencil-and-Paper Analysis
The theory developed allows designers to better understand properties and limitations of class-AB stages. Consider, for example, the stage depicted in Fig. 5 . This stage is a simplification of the class-AB stage introduced in [17] in which voltage-controlled voltage sources V 1 and V 2 replace the original switched capacitor network that provided a dynamic biasing. Voltage sources V1
and V 2 set the bias current I Q flowing through M1 and M2, to n times I B where n = (W=L) 2 =(W=L) 4 = (W=L) 1 =(W=L) 3 .
Assuming a first-order model for all the MOS transistors and defining = n C ox (W=L) 1 =2 = p C ox (W=L) 2 =2, we get for the short-circuit output current, i out , the following: Observe that the circuit is symmetric and, therefore, we expect that HD 2 = 0 (or at least that HD 2 is negligible) and that HD 3 gives the dominant contribution. 5 Let us use the theory developed for analyzing HD 3 . First of all, we evaluate parameters in (5) using (16) and then evaluate S i parameters from (10) . Their expressions are reported in Table III . Next, we use (12) to obtain HD 3 as a function of X M . Note that HD 3 is evaluated for x = X M , that is, all polynomials p j;i (x n ) are calculated for x n = 1. 
If we assume X M to be large, it is easy to show that (17) simplifies into HD3(XM) ' 1 5 (' 014 dB) (18) which represents the theoretical asymptotic limit of the stage shortcircuit current.
In order to verify the analysis, we simulated a real low-voltage class-AB stage whose component values are reported in Fig. 5 . The simulation result is shown in Fig. 6 where the asymptotic behavior of HD 3 is apparent. For a large input, the real value of HD 3 is 017.6 dB, which is close to the value given by (18). 5 The circuit is symmetric because M1 and M2 have the same transconductance factor . Any mismatch in will cause HD 6 = 0.
V. CONCLUSION
A new method for the analytical evaluation of HD in class-AB stages has been presented. It is based on modeling each push-pull device of a class-AB stage with a different third-order polynomial. The theory, with a few computations on the actual circuit's transcharacteristic, allows the designer to forecast the HD of the stage with respect to the input signal amplitude with excellent precision.
Simulations on ideal and real CMOS output stages, has confirmed the correctness of the theory. Moreover, an example of the use of the theory for pencil-and-paper analysis has been given, also.
